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Abstract 
This article exposes a solution to ensure Closed-Loop Manufacturing from CNC machines to CAM systems. The main goal is to capitalize 
knowledge from the CNC machine and to reuse it in the CAM system. This proposal aims to help CAM programmers in making choices for 
planning new machining sequences. 
The STEP-NC standard allows bi-directional exchanges in the digital chain – from CAD systems to CNC machines. Unfortunately, STEP-NC 
standard does not allow having a traceability of machining program. To achieve the information feedback from CNC machine to CAM system, 
Closed-Loop Manufacturing sets up a manufacturing loop  using PLM systems. This solution is based on OntoSTEP-NC, an ontology based on 
STEP-NC which provides trades between Product Data Management, Manufacturing Process Management and Enterprise Resource Planning. 
As a solution OntoSTEP-NC supports data extraction from CNC machines, and relevant information reinjection to CAM systems. Closed-Loop 
Manufacturing is a three steps process: (1) Manufacturing feature recognition to have the most relevant information reinjection from the 
Manufacturing Process Management database in the CAM programming stage, (2) validation of machining sequences before capitalizing them, 
(3) capitalization of cutting parameters, the manufacturing feature and the material to fill the Manufacturing Process Management database. 
This process will help CAM programmers making choices for cutting conditions based on company good practices. 
A case study has been chosen to test Closed-Loop Manufacturing concepts. The case study is divided into three scenarios aiming at testing first 
the “reuse phase” including manufacturing feature recognition for the reinjection of relevant information. The third scenario tests the 
“capitalization phase” and the ability of the system to detect the changes made by the operator directly on the CNC machine. This paper also 
details the trades between the CAM systems and OntoSTEP-NC by focusing on extracted data and the way the information is capitalized into 
the Manufacturing Process Management database. It also details the queries addressed to the Manufacturing Process Management database to 
send the most relevant information. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
For a half-century the manufacturing field has known a lot 
of changes and mutations. The advance of the technology and 
the CNC machines has revolutionized the manufacturing 
sector. Unt il the appearance of STEP-NC standard, there were 
no approach to enhance interoperability  between CAD/CAM 
systems and CNC machines  [1]. STEP-NC standard defines a 
new data model which encompasses in one hand the tool path 
informat ion and in another hand all the related process and 
resource information [2]. STEP-NC standard allows having a 
bidirectional data flow between CAD/CAM systems to CNC 
machines [3].  
Since 2002, a large number of works have addressed the 
use of STEP-NC standard to improve the manufacturing 
efficiency. The STEP-NC file and its enhanced data don’t 
only give information on the tool path but also give 
informat ion on the CNC machine conditions. In that way a lot 
of work has been conducted on improving the machin ing 
processes. The survey conducted by Newman et al on STEP-
NC applications shows that the STEP-NC standard could be a 
promising solution for knowledge exchange and for 
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optimization (cutting parameters, toolpath optimization, 
feature recognition, etc.) [4]. Thanks to its specific structure 
based on manufacturing feature, STEP-NC is readable by 
machines and users. In contrary to G-code program, STEP-
NC allows having correction, optimization and feature 
recognition direct ly in the STEP-NC program. As a 
consequence there is less goes and backs from CAM systems 
to CNC machine. Th is is mainly due to the Post-processor 
removal because STEP-NC standard aims at moving the 
intelligence contained in  the post-processor to the CNC 
machine. 
Although the STEP-NC enhances the bi-direct ional data 
exchange in the dig ital chain, it is not provided for knowledge 
capitalizat ion. Knowledge feedback from CNC machines to 
CAD/CAM systems would help the designers and the CAM 
programmers to make choices. It would also help to 
manufacture future parts with confidence based on validated 
machining guidelines. By integrating the information systems 
to store the knowledge capitalization, it  creates a Closed-Loop 
Manufacturing between the machining and the production 
engineering phase. 
Face to the problematic of data feedback, the first question 
to address is: “How to model and structure the manufacturing 
knowledge captured from manufacturing in the production 
engineering process?”. The second question to answer is : 
“How to re-use and integrate the informat ion feedback from 
the CNC machine to the CAM systems?”. 
To address those questions, the next presents a state of the 
art on semantic model for interoperability and on knowledge 
feedback and re-use. The third paragraph explains the 
proposal OntoSTEP-NC and Closed-Loop Manufacturing for 
enhancing the data feedback. Paragraph 4 exposes the 
demonstrator and the case study chose to test our proposal. 
The last part proposes a discussion and concludes the paper. 
2. State of the art 
2.1. Product ontology for data exchange 
According to Gruber: "An ontology is a specificat ion of a 
conceptualizat ion" [5]. In other words, ontology can describe 
a domain with the specific vocabulary which belongs to this 
domain. Ontology also describes the connection and the 
semantical logic of a domain. As ontology proposes a perfect 
definit ion of a domain, it seems to be a  promising solution for 
data description. More over Matsokis and Kiritsis  identify the 
4 major ontology uses [6]: 
 
x To transfer data between machines and humans  
x To re-use data capitalized in information systems  
x To transfer all the data by splitting them according  to the 
operator 
x To base the system knowledge on a functional analysis of 
these information. 
 
According to their analysis, the ontology appears as a 
solution to support data exchange and inter-connection of the 
numerous systems within  different environment. In this case, 
ontology can be a solution to support knowledge 
capitalization from CNC machines. 
In the last decade, numerous research works has been 
focused on the ontology use to enhance systems 
interoperability and knowledge capitalization. Focusing on 
product ontology for manufacturing, it appears that some 
works allow having data exchange between design, 
production engineering and manufacturing. The list below 
summarize the major works which address manufacturing 
interoperability :SOM [6], PABADIS’PROMISE [7], KIF [8], 
ONTO-PDM [9]. A lthough these ontology models allow 
transferring meta-data, this kind of models cannot support 
specific CNC machines data. This is why it  is crucial the 
ontology model be specific for this application with enough 
granularity as developed by the NIST with OntoSTEP [10] –   
an ontology based on STEP standard. 
Since the ontology model to support manufacturing data 
has been reviewed, it is now proposed to study the state of the 
art on knowledge capitalization. 
2.2. Information Technology for knowledge capitalization 
The knowledge management can be considered as the 
process of managing knowledge. In this paper it  has been 
chosen to use Newman’s  defin ition for knowledge 
management as “the collection of processes that govern the 
creation, dissemination, and utilizat ion of knowledge” [11]. 
Based on this definition it appears that knowledge 
management involves a number of iterative processes, some 
of which are intertwined and could occur simultaneously [12]. 
According to Del-Rey-Chamorro et al, the knowledge flow is 
composed in 4 stages [13]: 
 
x Capture 
x Structure and storage 
x Retrieval 
x Use 
 
To achieve these four steps, numerous solutions have been 
developed. Amongst the most famous  systems to enhance the 
re-use of capitalized knowledge can be found: Knowledge-
Based Systems (KBS), Expert Systems (ES), Art ificial 
intelligence (AI), Case-Base Reasoning (CBR), Product 
Lifecycle Management (PLM) tools. The appearance of this 
technology allows addressing the storage and retrieval stages 
of the knowledge management process and thus for the whole 
Product Lifecycle.  
According to Li et al literature review [14] 3 stages can be 
considered in the development activ ities and the following 
analysis can be set: 
 
x The design stage is mostly addressed by KBS and CBR 
systems. 
x Process planning is addressed by using KBS, ES, CBR and 
AI systems. The Manufacturing Process Management 
(MPM) [15] system – a  PLM tool –   can  be added to the 
list of systems for knowledge capitalization 
854   Christophe Danjou et al. /  Procedia CIRP  41 ( 2016 )  852 – 857 
x Manufacturing is mostly addressed by KBS systems, 
specific web-based tools to enhance Agile Manufacturing, 
and AI for optimization of CNC programs. 
 
The conducted study highlights that there are lot of 
systems to process knowledge capitalizat ion for the three 
stages. Focusing here on manufacturing knowledge and 
process planning, several lacks can be pointed out concerning 
the informat ion granularity for CAM systems. Indeed, 
focusing on the needs for having a manufacturing feedback to 
the CAM system, the MPM system appears as the most 
promising solution because it encompasses manufacturing 
resources yet. However, it doesn’t have any informat ion on 
the specific machin ing parameters for manufacturing parts 
and no capitalization process has been defined yet with MPM 
systems. 
This section has proposed a background on knowledge 
capitalizat ion and knowledge structure for machin ing 
feedback. It  appears some lacks on information accuracy in  
the existing solutions. The next section proposes a way to 
achieve the information feedback from CNC machines to 
CAM systems. 
3. OntoSTEP-NC and CLM for data feedback 
3.1. OntoSTEP-NC 
To provide a data model with a sufficient accuracy level, a 
new data has been created: OntoSTEP-NC. This new data 
model proposes to create an ontology based on STEP-NC 
standard [2]. Based on STEP-NC standard the ontology 
provides all the necessary data for CNC machines accuracy. 
The challenge to  create OntoSTEP-NC consists in 
translating the STEP-NC standard into ontology. Indeed 
STEP-NC standard is written in EXPRESS language whereas 
it has been chosen to use OWL (Web Ontology Language) 
standard language for mapping the ontology. Each language 
has its own syntax. That is why ENTITIES in EXPRESS has 
been defined as CLASSES in OWL. Similarly, the 
ATTRIBUTES and the CARDINALITY in EXPRESS are not 
define in OW L. To translate them into OWL the OBJECT 
PROPERTIES and DATA PROPERTIES have been used. 
The complete methodology and process are detailed in  
Danjou et al. [16]. 
3.2. Closed-Loop Manufacturing process 
As explained in the previous paragraph a data model has 
been created to support the CNC machine knowledge. In  
order this knowledge can be re-use, it is crucial that the 
knowledge be stored and retrieved at the right time. To  
achieve those steps, a process is proposed based on three steps 
which place MPM as a central knowledge database as shown 
in figure 1: 
 
x The first step consists in extracting the CNC machines data 
and the STEP-NC program. It is considered that the latest 
program which has been run in the CNC machine is the 
reference. This program can be stored and archived in the 
Enterprise Resource Planning (ERP) system. 
x The second step consists of the validation process. The 
validation process perform a comparison between the 
STEP-NC file extracted from the CNC machine stored in 
the ERP and the file which has been programmed on the 
CAM system and stored in the MPM system as “In-process 
status” until the program is validated by the comparison. 
During  this stage if there are some changes in the CNC 
program, the CAM programmer must investigate before 
validating the program as “validated status”. The proposal 
is based on a specific architecture for MPM which aims at 
having a classification based on STEP-NC. In this way a 
classification by manufacturing features would allow 
having tools and parameters  direct ly related to each feature 
they belongs to. The MPM view is product oriented and 
the architecture is independent of the machines resources 
in order to enhance agile manufacturing. 
x The third step is the retrieval of capitalized knowledge. 
Directly from the CAM system a query can be launched to 
the MPM system. The query aims at  finding the machin ing 
guidelines which has been stored in the MPM systems  
previously. The query explore the MPM database with the 
following prio rity order: manufacturing feature,  CNC 
machine type, material, and tool. If the answer is relevant, 
the CAM programmer can choose to import  the parameters 
into the program as guidelines. Once the CAM 
programmer has finished the program, it can be run into 
the CNC simulation and the CNC machine to close the 
loop. 
 
 
  
Fig. 1. Closed-Loop Manufacturing process 
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programmer has finished the program, it can be run into the 
CNC simulation and the CNC machine to close the loop. 
This section has presented two proposals OntoSTEP-NC 
and Closed-Loop Manufacturing to achieve manufacturing 
feedback from CNC machine to CAM system. This aims at 
providing guidelines to the CAM programmer for 
programming future parts. The next section presents the case 
study which will test the proposals. 
4. Case study 
4.1. Demonstrator 
Due to the technology limitation – STEP-NC is not yet 
implemented in the digital chain – some technical choices 
have been made:  
x The chosen CAM system is CATIA V5-6R2013x 
developed by Dassault Systems.  
x The CNC machine is replaced by the NC Simul Machine 9 
tool developed by Spring Technologies. This choice aims 
at considering that the simulation of machining sequences 
and operations can replace the CNC machine observation. 
x As in today systems implementation none of the selected 
tools are STEP-NC ready, it is proposed to use a parser to 
translate G-code into STEP-NC program [17]. 
x The ERP system which has been chosen to upload and 
download the STEP-NC file is SAGE X3. The extraction is 
made manually and directly entered in validation and 
comparison stage. 
x The program comparison is performed by using a 
text/syntax comparator which  can highlights the 
modifications and changes done into the both program. 
x As the MPM structure does not provide a manufacturing 
feature view, the knowledge database is generated by an 
implementation of OntoSTEP-NC. This implementation is 
realized using the OPENLINK Software VIRTUOSO 
Universal Server® [18] 
 
The choices made to test the Closed-Loop Manufacturing 
process are illustrated in Figure 2. The choices tend to 
illustrate the mechanism of knowledge feedback from the 
CNC machine to CAM systems by using specific tools and 
passing some technical barriers. 
 
 
 
 
 
 
 
 
 
 
 
4.2. Case Study scenarios 
In figure 3 is presented the chosen part which allows 
testing the proposal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The part exposed in figure 3 is the ISO 14649 reference 
part. It is proposed to focus on the pocket feature. This 
pocket’s dimensions are 80*50*30mm and the orthogonal 
radius is R10. 
To test the proposal, three scenarios have been drawn in 
order to cover all the proposal steps: feature recognition and 
the query to the database, the re-use of parameters seen as 
guidelines, the comparison of ext racted CNC program and 
CAM program to detect the modifications made and lastly the 
capitalization into the knowledge database. 
4.2.1. First scenario 
In the first scenario, the pocket feature with the same 
characteristics has been yet set in the knowledge database, so 
the guidelines can be imported by the CAM programmers. 
The process is described below. 
After selecting the pocket they want to program, the CAM 
programmers can initiate the CAM function. They select the 
feature boundary (closed pocket and plot at the center). They 
also can select the tool if they want to use a specific tool to 
manufacture the part. Once this init ialization done, they can 
validate the function. 
Then, directly  from CATIA software the CAM 
programmer can launch an automatic query to the knowledge 
database. This query focuses on 5 criteria: 
 
x For the first criterion the database is queried on the type of 
CNC machine: In this case 5-axis CNC machine. 
x The second criterion which the query look forward is the 
part material: Titanium. 
x The third criterion the query addresses is the 
manufacturing feature : Closed Pocket. 
x Next  criterion which is asked to the database is about the 
geometrical dimensions and specificity: Length 65mm, 
width 45mm and depth 20mm, o rthogonal radius… and 
planar radius… Fig. 2. Demonstrator choices 
Fig. 3: Testing part  
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x The last criterion can be the tool if specified. In this case it 
is specified: End mills I20. 
 
Once the query is processed, the CAM programmer is 
notified by an  ext ra pop-up window which g ives him the 
query answers. This window is detailed on figure 4 (a) . Th is 
window first shows in area 1 that there is a “100% match” 
which means the query found a perfect match in the database 
with the previous criteria. Area 2 as a reminder shows a 
summary of the query  criteria. Area 3 details the parameters 
which are in the knowledge database and which are related to 
the pockets guidelines that the query finds (Strategy, Spindle 
speed…). 
At the bottom of the window, the CAM programmer is 
asked if he wants to import these parameters into the CATIA 
program or if they want to cancel it. In  this scenario the CAM 
programmer imports the parameter. Then they can open the 
function in the CATIA process tree to edit the function if 
something has to be specified (e.g. security plan for tool 
approach and retract) or just to have a look on the parameters 
import. 
After that the CAM program is run in the CNC machine 
and the process successfully passed. 
4.2.2. Second scenario 
In the second scenario, some pockets are yet set in the 
database but with different characteristic as dimensions. 
Similarly to the first scenario, a query is launched 
automatically based on the init ialization made by the CAM 
programmer. As explained previously, the query cannot find 
an exact match with the parameters and finds guidelines to the 
same manufacturing feature – pocket – but with different 
dimensions. 
Similarly to scenario 1, the CAM programmer is notified 
by an extra pop-up detailed  in figure 4 (b). Contrary to 
scenario 1, in the area 1, the message has changed and tells 
the CAM programmer that no exact match exists but only 
“Approximatively Match’. The area 2 and 3 are the same that 
are presented in section 4.2.1. The main difference is the area 
4. This area proposes a Combo Box in which 
are presented in section 4.2.1. The main difference is the area 
4. This area proposes a Combo Box in which  are listed all the 
dimensions of approximate solutions the query found in the 
database. Through the Combo Bo x, the CAM programmer 
can have a look to all the approximate solutions and its 
parameters.  
Once they think they have found the best solution they can 
import the parameters in CATIA function for the pocket and 
edit if necessary the function. So the parameters for milling 
the pocket are guidelines adapted from other pocket 
dimension. Then the program is run on the CNC machine and 
successfully passed. 
As the program has not been modified, it is validated and 
can be integrated to the knowledge database as new guidelines 
with the new dimensions. 
4.2.3. Third scenario 
The third scenario is very close to the second, the query 
answers are the same and the CAM programmer imports the 
parameters. The difference happens while the program is 
running into the CNC machine. An operator makes 
optimization on the program due to the non-perfect match of 
imported parameters. 
As there are modificat ions on the CNC program compared 
to the CAM program, the comparison must shows the results 
of optimizat ion. After the CAM programmer investigation, 
the new parameters are integrated as new guidelines in the 
knowledge database for future part programming. 
These three scenarios allow testing the Closed-Loop 
Manufacturing process by exploring the situations which can 
happen for a CAM programmer face to the use of the 
guidelines. The scenarios test the query and the integration of 
relevant informat ion into the CAM system. They also test the 
ability to detect modifications and to integrate the new 
guidelines in the knowledge database. 
  
Fig. 4. (a) Exact match case (Scenario 1); (b) Approximate match case (scenario 2 &3) 
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5. Discussion and Conclusion 
This paper investigates a way to enable manufacturing 
feedback from the CNC machine to the CAM systems in  
order to provide guidelines for the CAM programmer. To  
enhance the manufacturing feedback, this paper has first 
summarized the state of the art on methods and tools to ensure 
knowledge capitalization. Then it gives a methodology based 
on 2 p roposals: OntoSTEP-NC ontology based on STEP-NC 
standard and Closed-Loop Manufacturing process which 
includes the manufacturing technologies and informat ion 
systems. Once the process is exp lained, the paper details the 
chosen case study and the three scenarios set to test the 
Closed-Loop Manufacturing process. It tests the query 
directly from the CAM system to the knowledge database and 
the reintegration of relevant information, the use of these 
guidelines, and the validation process and the integration of 
knowledge experience into the database. This allows verify ing 
and illustrating the proposal. 
Although this proposal allows having manufacturing 
feedback, the Closed-Loop Manufacturing process is limit by 
the use of manufacturing features to capitalize the knowledge. 
In fact, the freeform and the complex shape parts are not 
defined yet. To  capitalize knowledge for this kind of shapes it 
is crucial to characterize them and to define some 
comparisons criteria in order to capitalize and retrieve it  at the 
right moment and with relevant guidelines. 
To focus on the implementation of these proposals it has to 
be said that the knowledge capitalizat ion take time. At the 
beginning – once the structure is implemented – the 
knowledge database is empty. It is necessary that the 
knowledge database be filled before it can provide guidelines 
for the CAM programmer. So that filling manually  the 
database with the best practices can be solution to provide 
guidelines quickly. 
As a consequence of this process, the proposal maintains 
the CAM programmer at the center of the proposal. All the 
process is based on his expertise and operator expertise. Each 
choice and each suggestion has to be validated on his own 
similarly to the job is done until today. The main goal is not 
merely  to substitute the CAM programmer by a machine but 
to provide guidelines to the CAM programmer in order the 
part can be well manufactured the first time. 
At the moment, the Closed-Loop Manufacturing process 
has to be initialized by the CAM programmer until he can 
launch the query for guidelines. It is conceivable that in  
future, a query can be launched automatically on a 
manufacturing feature based on the CAD design. This would  
request to be coupled to CAPP systems and manufacturing 
program optimization. 
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